We explored in 51 normal subjects, distributed in various series of experiments, whether endothelium nitric oxide may play a role in insulin modulation of ␣ 2 -and ␤ -adrenergicevoked vascular responses. In particular, we examined the forearm blood flow response (FBF, ml·min 
Introduction
Among the broad variety of effects evoked by insulin, its ability to modulate the vascular tone has recently been the focus of a growing body of studies. The attention for this issue comes from the evidence that essential hypertension and other vascular diseases show a strong association with resistance to insulin action (1) (2) (3) (4) (5) (6) . Thus, the accurate definition of mechanisms by which insulin exerts its vascular effects could help to unveil the meaning of such association.
Actually, it has been clearly evidenced that insulin, at level physiologically reached postprandially, induces a reflex increase in sympathetic skeletal muscle outflow (7) (8) (9) . However, interestingly, in presence of insulin, the vasoconstriction typically generated by the sympathetic activation is markedly blunted. The analysis of this phenomenon has been the object of many recent studies, which have attempted to dissect the mechanisms by which insulin is able to exert its vascular effects.
Using the euglycemic hyperinsulinemic clamp technique, which raises peripheral insulin levels in the physiological range, maintaining the blood glucose concentration at its basal value, several groups have observed an unequivocal vasodilator effect of insulin, which is abolished by nitric oxide inhibition (10, 11) . Nevertheless, this technique prevents only the hypoglycemia, while a number of other hormonal and substrate changes systemically occur that may be actually responsible for the vascular effects ascribed to insulin.
In contrast, another approach is to deliver insulin directly in the brachial artery limiting the increase of plasma levels of the hormone to the forearm. This setting circumvents the perturbations induced by systemic insulin administration, reflecting solely the direct influence of insulin per se on vascular function. In these experimental conditions, we and others were not able to disclose any direct vasodilator effect of insulin, at least when the hormone was raised in the physiological range (12) (13) (14) (15) (16) . However, even in this setting, we were able to reveal that insulin itself is able to attenuate the sympathetic-evoked vasoconstriction, through a crosstalk with ␣ 2 and the ␤ -adrenergic signal transduction pathways (16) (17) (18) .
Such conclusions were also supported by studies performed in more elementary models of vascular function, such as rat aortic rings, where it is possible to evaluate the direct vascular effect of test substances. In particular, this kind of study has further attested that insulin is able to attenuate the norepinephrine-induced contractile response interacting both with the ␣ 2 and the ␤ -adrenergic vascular response (19, 20) in humans. Furthermore, such an approach has also revealed that insulin vascular effects on these adrenergic responses were endothelium nitric oxide dependent, since endothelium removal as well as nitric oxide inhibition is able to abolish them (20) .
There exist indications, also in humans, that the endothelium may account for the insulin vascular effects. In particular, it has been recently reported that intraarterial infusion of insulin, although incapable to evoke a direct vasodilation, can enhance the endothelial response to increasing doses of acetylcholine (21) . However, it is still not clear how insulin can interfere with the ␣ 2 and the ␤ -adrenergic vascular responses in humans.
To address this issue, we first studied in the forearm of healthy subjects the effect of nitric oxide inhibition on the insulin modulation of ␣ 2 and the ␤ -adrenergic vascular responses. Furthermore, since in vitro studies had demonstrated ␣ 2 and ␤ -adrenergic receptors also on the endothelium (22, 23) , where they activate nitric oxide production, we extended our analysis to clarify whether the nitric oxide inhibition may unveil in the ␣ 2 and ␤ -adrenergic vascular response an endothelial component which may be the target of the vascular effect of insulin.
Methods

Subjects
The study group consisted of 51 normal volunteers (35 males and 16 females) whose ages ranged from 20 to 38 yr, average 27 Ϯ 1 yr. Medical history, physical examination, and laboratory analyses were performed to evaluate subjects' normalcy. Renal, liver, and endocrine functions were normal. Body weight and body mass index were 72 Ϯ 2 kg and 24.1 Ϯ 0.4 kg/m 2 , respectively. No subject had recent changes in body weight or dietary habits, nor was engaged in competitive sports or did intense physical activity during the days before the study. Written informed consent was obtained from all participants. The experimental protocol was in accordance with the institutional guidelines for human research.
Experimental procedures
The study began at 8:00 a.m. in a quiet room with a constant temperature of 22 to 24 Њ C. All subjects were studied in a postabsorptive state in the supine position, after a 12-15-h overnight fast. No premedication was administered. On a subject's arrival at the laboratory, forearm volume was measured by water displacement. The forearm perfusion technique was performed as previously described (24). A plastic cannula was introduced in a retrograde manner into a large antecubital vein and threaded as deeply as possible. In the same arm, a second double lumen catheter (Arrow International Inc., Reading, PA), with the distal hole separated by ‫ف‬ 3 cm from the proximal one was introduced into the brachial artery. The distal hole was used for the infusion of test substances, and the proximal lumen was used to sample arterial blood entering the forearm, uncontaminated by solutions infused downstream, and to measure arterial blood pressure, by means of a Statham P23Db pressure transducer (Statham Instruments, Cleveland, OH). Systolic and diastolic blood pressure were recorded on a multichannel polygraph (Gould Instruments, Oxford, CA). Heart rate was determined from a simultaneously obtained electrocardiographic signal and calculated from R-R interval. Forearm blood flow (FBF, 1 expressed in ml·min Ϫ 1 ·dl Ϫ 1 of foream tissue) was measured by strain gauge plethysmography (25), using a Digimatic DM2000 (Medimatic, Copenhagen, Denmark) with a calibrated mercury-in-Silastic strain-gauge, applied on the arm ‫ف‬ 5 cm below the antecubital crease. Both arms were supported above heart level. FBF was measured from the rate of the increase in forearm volume while venous return from the forearm was prevented by inflating a cuff around the upper arm. The intrasubject coefficient of variation was 7%, based on two consecutive measurements taken at a one minute interval. After complete instrumentation, all subjects rested at least 30 min to establish a stable baseline before data collection.
All the test substances were dissolved in NaCl 0.9% on the day of the study. Infusion rates of drugs were normalized to decaliter of forearm tissue and were chosen to act selectively in the experimental forearm without causing systemic effects.
The 
·min
Ϫ 1 able to reach increments in the forearm of ‫ف‬ 60 mU/mL and was started 30 min before performing the dose-response curves of the test substances. For each insulin infusion, simultaneous arterial and venous samples were obtained before the start and at the end of the 30-min prime for the measurement of plasma insulin concentration. Insulin infusion was continued throughout the drug response curves. Intrabrachial infusion of the nitric oxide synthase competitive inhibitor L -N -monomethylarginine (L-NMMA; Sigma Chemical Co.; 0.05 g·min
) was aimed to obtain constant nitric oxide inhibition in the forearm, throughout the dose-response curves. In particular, we started L-NMMA infusion 15 min before each drug response curve and continued throughout. This dose of L-NMMA has been shown to effectively blunt endothelium-dependent vasodilator response to acetylcholine in the human vasculature (26, 27) and such effect was confirmed in our pilot studies.
Experimental design
Series 1: Effects of L-NMMA on insulin modulation of forearm ␣ 2 -and ␤ -adrenergic response. Fig. 1 shows flow diagrams of the protocol. To verify whether the inhibition of nitric oxide may influence the insulin effect on ␣ 2 -and ␤ -adrenergic responses, in two groups of six subjects each, we assessed a dose-response curve to BHT-933 or isoproterenol in control conditions (i.e., during intrabrachial infusion of saline), during intrabrachial infusion of insulin and, finally, during concomitant infusion of insulin plus L-NMMA.
Series 2: Effects of L-NMMA on forearm ␣ 2 -and ␤ -adrenergic response. To clarify whether in both ␣ 2 and ␤ -adrenergic-evoked vascular response is present a vasorelaxant component, nitric oxide dependent, which may interact with insulin accounting for its effect on the overall ␣ 2 -and ␤ -adrenergic vascular response, we studied two groups of healthy subjects: seven with BHT-933 and five with isoproterenol. Dose-response curves to these drugs were performed in control conditions, during infusion of L-NMMA and, finally, during concomitant infusion of insulin plus L-NMMA.
Series 3: Effects of insulin plus L-NMMA on forearm ␣ 2 -and ␤ -adrenergic response. To examine the effect of insulin plus L-NMMA by eliminating other potential sources of noise represented by preliminary interventions such as insulin or L-NMMA alone, in two other groups of five normal subjects each, we tested dose-response curves to BHT-933 or to isoproterenol in control conditions and during insulin plus L-NMMA intrabrachial infusion.
Series 4: Effects of insulin or L-NMMA on forearm phenylephrine and sodium nitroprusside response.
To rule out that L-NMMA could not specifically interact with the ␣ 2 -and ␤ -adrenergic vascular re-
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sponses, in two other groups of six normal subjects each, we tested dose-response curves to phenylephrine, a vasoconstrictive ␣ 1 -adrenergic agonist, or to sodium nitroprusside, a vasodilator agent acting directly on smooth muscle, in control conditions, during insulin and finally, during L-NMMA intrabrachial infusion.
Series 5: Effects of insulin and insulin plus L-NMMA on forearm norepinephrine response. To confirm that insulin modulatory effect on ␣ 2 -and ␤-adrenergic response is also physiologically relevant, we tested further in five normal subjects the effect of insulin alone and insulin plus L-NMMA on the forearm response evoked by norepinephrine, which represents the physiological neurotransmitter of the sympathetic nervous system. Analytical procedures. Insulin was measured in plasma by a standard radioimmunossay method (INCSTAR Corp., Stillwater, MN).
Data analysis. Because mean arterial blood pressure and heart rate did not change significantly throughout the study, data were analyzed in terms of changes in FBF. Because L-NMMA altered resting FBF, data were analyzed as percent change from baseline. Contralateral FBF did not change in the diverse experimental series.
Comparison of plasma insulin levels obtained in basal state and during intraarterial infusion of the hormone was accomplished by paired t test. Two-way analysis of variance was performed to estimate the changes on FBF responses to BHT-933, isoproterenol, phenylephrine, and sodium nitroprusside. Post hoc simultaneous multiple comparisons were done by Bonferroni's analysis. Results are presented as meanϮSE.
Results
Mean blood pressure and heart rate of all subjects were 91Ϯ2 mmHg and 70Ϯ2 bpm, respectively. No differences in these parameters could be detected between different study groups nor in the same group throughout the experimental protocol. In all series of experiments intrabrachial insulin infusion induced an increase in deep venous insulin concentration (from 4.8Ϯ1 to 65.3Ϯ3 U/ml, n ϭ 51, P Ͻ 0.01) without affecting the systemic levels of the hormone (from 6.2Ϯ1 to 7.9Ϯ1 U/ ml, NS). Furthermore, pooling all experiments where insulin or L-NMMA were administered alone, we observed that intrabrachial insulin administration did not significantly modify basal FBF in the experimental arm (2.54Ϯ0.12 vs. 2.66Ϯ0.15 ml·min
, n ϭ 29, NS) whereas this latter was significantly reduced by L-NMMA infusion (1.89Ϯ0.16 vs. 2.29Ϯ0.15 ml·min
, n ϭ 24, P Ͻ 0.05). The combined infusion of insulin plus L-NMMA was able to provoke a decrease in FBF similar to that observed with L-NMMA alone (Ϫ18Ϯ2% vs. Ϫ19Ϯ4%, n ϭ 12, NS). ; P Ͻ 0.01). However, even in these conditions, the simultaneous infusion of L-NMMA and insulin was capable to restore the response to isoproterenol to that observed in control conditions (from 2.27Ϯ0.16 to a maximum of 5.06Ϯ0.46 ml·min Ϫ1 ·dl
Ϫ1
; NS when compared to control conditions). Fig. 3 shows that the reversal of insulin influence on ␣ 2 -and ␤-adrenergic response by L-NMMA was a common denominator of all subjects.
Series 2: Effects of L-NMMA on forearm ␣ 2 -and ␤-adrenergic responses. In these subjects both BHT-933 and isoproterenol intrabrachial infusion induced in the experimental arm , P Ͻ 0.05 when compared to control conditions) while, the isoproterenol-evoked vasodilator response was significantly attenuated (from 1.95Ϯ0.27 to a maximum of 4.06Ϯ0.71 ml·min Ϫ1 ·dl Ϫ1 , P Ͻ 0.05 when compared to control conditions). Finally, in these series of experiments the intrabrachial infusion of L-NMMA was able to restrain the insulin vascular effect on ␣ 2 -and ␤-adrenergic elicited response (BHT-933: from 2.31Ϯ0.42 to a minimum of 1 ; NS when compared to control conditions). Furthermore, the dose-response curves obtained both with phenylephrine and sodium nitroprusside remained unmodified also during L-NMMA intrabrachial administration (phenylephrine: from 1.95Ϯ0.22 to a minimum of 1.01Ϯ0.22 ml·min ; P Ͻ 0.05 when compared to control conditions). Finally, when the experimental arm was exposed to insulin in combination with L-NMMA the norepinephrine-induced vasoconstriction was no longer different from that observed in control conditions (from 2.17Ϯ0.21 to a minimum of 0.97Ϯ0.14 ml·min
; NS when compared to control conditions).
Discussion
In this study we investigated in human forearm whether endothelium nitric oxide plays a role in the direct insulin vascular effect on ␣ 2 -and ␤-adrenergic-evoked responses. Two major observations were noted. First, insulin modulation of ␣ 2 and ␤-adrenergic vascular response is suppressed by nitric oxide inhibition. Second, the dose-response curves produced both with ␣ 2 -or ␤-adrenergic selective agonists are significantly altered in presence of a competitive antagonist of nitric oxide synthase, suggesting the existence of an endothelium nitric oxide component in their overall vascular responses. More important, this nitric oxide component is essential for the insulin modulation of ␣ 2 -and ␤-adrenergic responses.
Several recent studies have investigated the hemodynamic effects of insulin. In particular, we and others have examined the direct hemodynamic effect of insulin by intrabrachial infusion of the hormone, which realizes no systemic perturbation, and, therefore, the response measured in the forearm must reflect the net effect of insulin per se. In these conditions, insulin does not exhibit a direct vasodilator effect (12) (13) (14) (15) whereas it does blunt the sympathetic-evoked vasoconstriction (16). This phenomenon can be explained by the ability of insulin to selectively interact with ␣ 2 -and ␤-adrenergic vascular responses (17, 18) . In particular, insulin is able to attenuate the ␣ 2 -adrenergic vasoconstriction and to potentiate the ␤-adrenergic vasodilation, whereas no significant effects are realized by insulin on the ␣ 1 -adrenergic evoked response. Furthermore, in vitro studies support this evidence, suggesting that the insulin interaction with ␣ 2 -and ␤-adrenergic response may occur at the endothelial level (19, 20) . On this issue, Gros et al. have clearly demonstrated in rat aortic rings that insulin-mediated enhancement of vascular ␤-adrenergic responsiveness is completely abolished by endothelial removal (19) . Additionally, in the same experimental model, we have recently observed that insulin interacts with the ␣ 2 -adrenergic endothelium dependent vasorelaxation (20) .
Recent data in humans have depicted a facilitating action of insulin on endothelium-dependent vasodilation mediated by activation of the L-arginine nitric oxide pathway, when the hormone is infused locally (21) . Thus, we decided to verify in human forearm whether the interaction among insulin and the ␣ 2 and ␤-adrenergic vascular responses might be mediated by an endothelial nitric oxide production. In particular, we hypothesized the presence of an endothelial nitric oxide component which could be positively modulated by insulin and could account for both the attenuation of ␣ 2 -evoked vasoconstriction and the potentation of ␤-adrenergic vasodilation.
Our results confirm previous observations. In particular (a) forearm exposure to insulin, raising the plasma levels of the hormone within the physiological range, does not significantly affect forearm blood flow; (b) the hormone significantly alters the responses to ␣ 2 and ␤-adrenergic stimulation but not those to phenylephrine or sodium nitroprusside.
A novel observation was that L-NMMA, which inhibits the endothelial formation of nitric oxide in a stereospecific manner, completely abolishes both the facilitating effect of insulin on the ␤-adrenergic evoked vasodilation and the negative effect of the hormone on the ␣ 2 -evoked vasoconstriction. This suggests that a common endothelial nitric oxide-dependent mechanism may be involved in the insulin effect on ␣ 2 and ␤-adrenergic receptors mediated vascular response.
However, the counteracting effect of L-NMMA on insulin modulation of ␣ 2 and ␤-adrenergic responses may be also a merely pharmacological effect. Actually, any perturbation of vascular tone may trigger the release of nitric oxide from endothelium and, consequently, the neutralizing effect of L-NMMA on the insulin vascular action may be not specific. On this issue, our data clearly indicate that only the ␣ 2 -and ␤-adrenergic-evoked responses are modulated by endothelial nitric oxide release, whereas the vasoconstriction obtained by ␣ 1 -adrenergic selective agonist and the vasodilation induced by sodium nitroprusside are entirely unaffected by the inhibition of nitric oxide production. Thus, insulin effect on the selective adrenergic receptor-mediated responses becomes evident only for those responses which include an endothelial nitric oxide component in their overall vascular response.
A careful perusal of the results obtained in the first two series revealed slight differences exhibited by simultaneous infusion of insulin and L-NMMA compared with control conditions. In particular, while in series 2 insulin in presence of L-NMMA significantly modified the ␣ 2 -and ␤-adrenergicevoked responses, the same intervention of insulin plus L-NMMA was unable to determine a significant change of the ␣ 2 -and ␤-adrenergic responses in comparison with control conditions in series 1. It is important to note that such discrepancy is realized after a previous intervention that was different between the two series. In fact, in series 1, insulin was administered twice: the first time alone and, subsequently, in addition to L-NMMA. In contrast, in series 2, insulin was administered only once in conjuction with L-NMMA. The results of series 3, where no preliminary interventions were performed, confirms that during insulin plus L-NMMA exposure, the ␣ 2 -and ␤-adrenergic responses are significantly modified in comparison to the same adrenergic-mediated responses obtained in control conditions, suggesting that the increased variability between the first two series may be the price of a double closed insulin exposure accomplished in series 1. On the other hand, the administration of the hormone activates molecular events which may be not easily removed even if a recovery period is allowed.
The effect of insulin is not limited to the pharmacological adrenergic agonists but is also clearly detectable on the vascular effects evoked by norepinephrine, the major sympathetic neurotransmitter, which realizes ␣ 1 , ␣ 2 , and ␤ receptor activation, thus indicating the physiological relevance of our findings. On this issue, we have also to consider that in spite of the insulin modulatory effect on norepinephrine-induced vasoconstriction when this latter is infused in the brachial artery, we were not able to disclose any direct effect of insulin on the basal vascular tone which is indubitably also adrenergic dependent. However, it is likely that in resting conditions the main adrenergic influences on vascular tone are mediated through a signaling of ␣ 1 adrenergic pathway on which insulin is unable to exert any modulatory influence. In contrast, ␣ 2 and ␤ adrenergic pathway may have a marginal role in the control of the resting vascular tone and, therefore, it is necessary to challenge them to reveal the whole insulin effect.
It is important to emphasize that our results represent the first evidence in humans of an endothelial nitric oxide component in the ␣ 2 -and the ␤-adrenergic-evoked vascular responses. In particular, the overall vascular responses evoked by the activation of these specific adrenergic receptors have to be considered as the result of influences both on the smooth muscle and on endothelial cells. In fact, isoproterenol-induced vasodilation is obtained with a contribution of both a direct relaxing action on the smooth muscle and an indirect relaxing action mediated through the release of nitric oxide from endothelium. Analogously, the vascular response obtained with a selective ␣ 2 -adrenergic agonist, such as BHT-933, is the net result of a direct vasoconstrictive action on the smooth muscle and of an indirect endothelial nitric oxide relaxing action. Our data are strongly supported by the evidence attained in endothelial cells which have clearly revealed that endothelium contains both ␣ 2 -and ␤-adrenergic receptors (22, 23) . Moreover, on isolated vessels Miller and Vanhoutte have demonstrated that removal of the endothelium causes a significant potentiation of the concentration-response curve to the selective ␣ 2 -adrenergic agonist UK14,304 but not of that to the selective ␣ 1 -adrenergic vasoconstrictor phenylephrine (28) . In the same experimental model, it has been shown that the vasorelaxation induced by isoproterenol is attenuated by endothelium removal (29) .
It should be noted that in the smooth muscle the stimulation of ␣ 2 and ␤-adrenergic signals are able to provoke opposite effects, while in endothelial cells these adrenergic signals converge positively on the release of nitric oxide. This suggests that the intracellular molecular events generated by ␣ 2 and ␤-adrenergic receptor activation may have peculiar features in endothelial cells which allow to couple these two distinct adrenergic receptors to a common pathway stimulating the release of nitric oxide. Insulin is likely able to sensitize this endothelial pathway modifying the overall vascular response evoked by ␣ 2 and ␤-adrenergic agonists. More important, since the vasoconstriction resulting from the sympathetic nervous system activation represents the balance of opposite actions on the various adrenergic receptors present on smooth muscle and endothelium, it is reasonable to speculate that the attenuation of sympathetic vasoconstriction induced by insulin may be also the result of this sensitizing action of the hormone on the endothelial adrenergic component which realizes a new equilibrium among the opposite actions evoked by adrenergic receptors stimulation.
In summary, this study demonstrates that both ␣ 2 and ␤-adrenergic receptors include in their overall vascular response an endothelial nitric oxide component which is the target of insulin action. The definition of such a mechanism could be very important just in diseases like essential hypertension where both an exaggerated sympathetic nerve activity in response to various stimuli such as insulin itself (9, 30) and a generalized impairment of endothelial nitric oxide vasodilator function have been clearly demonstrated (31) . Actually, in insulin-resistant hypertensive patients the lack of insulin sensitization of the endothelial component existing in the ␣ 2 and ␤-adrenergic signals may result in an impairment of the equilibrium between endothelial and vascular smooth muscle adrenergic signaling, thus contributing to the increase of vascular resistance, a pivotal phenotypical trait of essential hypertension.
